Palynological, physicochemical, and sensory methods were applied to ascertain the most discriminant variables for honey characterization. Fifteen physicochemical parameters, six indicators of antioxidant capacity and eight sensory attributes were considered. Clover and eucalyptus honeys were differentiated when the linear discriminant analysis was applied. Electrical conductivity, sugars, ferric ion reducing, and Trolox equivalent antioxidant capacity were the most discriminant variables. Odor and color intensities were the sensory attributes scoring the major differences between honeys. The canonical correlations technique pointed out that differences were related primarily to the content of pollen from Trifolium, Medicago sativa, and Lotus. These standards of quality provide a differentiating tool to classify unifloral honeys.
INTRODUCTION
Multifloral and unifloral commercial samples of honey differ in their chemical composition and sensory quality on account of various factors like plant source, season, geographical origin, packaging conditions, and storage period. [1, 2] The current international market demands the setup of quality control protocols according to the palynological, physicochemical, and sensory characteristics. This trend becomes explicit in the European Standard Directive 110/01, [3] which defines honey as unifloral when it is from a completely or partially botanical origin including its pollen, physicochemical, and sensory characteristics corresponding to their origin. Consequently, the three analytical systems provide complementary tests to characterize a honey. [4] However, little general information is available about typified unifloral honeys, which are simultaneously subjected to sensory and physicochemical analysis. [5] [6] [7] [8] As honey is a complex natural food, distinct characterization of honey samples requires the use of several parameters in order to obtain a good authentication procedure. Honey characterization is essential when its commercial quality must be assessed. To establish the significance of parameters closely related to the origin of honey, quality control methods, and multivariate statistical analysis need to be used. [9] These methods will help to give precise classifications for honey samples. [10] [11] [12] [13] [14] Argentina is one of the largest world producers of honey, as stated by Food Agricultural Organization of the United Nations. [15] Likewise, the central region of Argentina has the greatest production of honey, with abundant unifloral honeys corresponding to adventitious or cultivated exotic plants such as Eucalyptus spp, Brassicaceae, and Melilotus sp. [16] [17] [18] Although physicochemical and palynological separate studies have been carried out on Argentine honeys [19] [20] [21] and Uruguayan ones, [22] there are few reports on the relationship between their botanical origin and their physicochemical [22, 23] or sensory properties. [24] Furthermore, the relationships among the tree set of measures remain unexplored.
The objective of this work was to find the variables that differentiate Argentine eucalyptus and clover honeys, which could be used for a successful authentication of each floral origin for commercial purposes, in response to consumer demands. This was performed using data from melissopalynological, physicochemical, and sensory analysis to attempt the classification of honey samples according to their botanical origin. In order to achieve a precise characterization for these honey samples, several multivariate statistical techniques were applied.
MATERIALS AND METHODS

Samples
There were 148 samples of honey collected in accordance with the Codex Stan 12, [25] in the Argentine phytogeographical region known as Pampeana Region. This is characterized by grass pasture which has been highly altered by stocking, the development of many crops (Triticum aestivum L., Zea mays L., Glycine max (L.) Merr., Oryza sativa), and animal feed harvests (Lotus sp., Medicago sativa L., Trifolium repens L., Trifolium pratense L. and Melilotus albus), with predominance of non-native species and poor pollen diversity. The study was performed over four successive years. Honey samples were collected from bee colonies and were stored at 18 ± 2ºC in the dark, until the experiment.
The 54.7% of original set of 148 samples were unifloral honeys; 35.8% (n = 53) of which were clover honey (Trifolium sp.) and 18.9% (n = 28) came from eucalyptus (Eucalyptus spp.). Remaining honeys were multifloral or another unifloral honeys. The set of 81 samples of eucalyptus and clover honeys underwent palynological, physicochemical, and sensory analysis.
45%. [30] For declaration of a honey as a uniforal also the physical-chemical data and sensory testing were taken into consideration.
Physicochemical Characterization
Several physicochemical parameters were examined for all samples: moisture, by refractometric Association of Official Analytical Chemists (AOAC) Official Meth. 969.38 B; [31] free acidity by acid-base titration, according to AOAC Official Meth. 962.19; [31] ash, gravimetrically according to AOAC Official Meth. 920.181; [31] electrical conductivity using a conductivity Horiba Model D24E; diastase index by spectrophotometry AOAC Official Meth. 958.09, [31] using a Varian Cary 50 spectrophotometer; 5-hydroxy methyl-2-furfural (HMF) by high performance liquid chromatography (HPLC), according AOAC Official Meth. 980.23; [31] sugar spectrum by HPLC, according AOAC Official Meth. 977.20; [31] reducing sugars and apparent sucrose by titration with Fehling's solution, according AOAC Official Meth. 920.183 and 920.184; [31] specific rotation using a Scheitler Polarimeter WXG-4 according AOAC Official Meth. 920.182. [31] Color was determined according AOAC Official Meth. 960.44, [31] using a Pfund Koheler colorimeter. Each value was expressed as means ± standard deviation of two independent samples with two measurements per sample (n = 4).
In Vitro Assays for Determining Antioxidant Capacity
The total flavonoids content was determined spectrophotometrically [32] and the hydroxyl radical (OH) scavenging activity was measured by the ability to inhibit the degradation of deoxyribose. [33] Results were expressed as milligrams of quercetin equivalent in 100 g of honey (mg QE/100 g). Total phenolic constituents were determined by employing Folin Ciocalteau reagent and gallic acid as standard. [34] The total phenolic content was determined as milligrams of gallic acid equivalent per 100 g of honey (mg GAE/100 g).
The effect of aqueous solution of honey on phenyl picryl hydrazyl radical (DPPH) was estimated according to. [35] Trolox equivalent antioxidant capacity (TEAC) method relies on the ability of the radical from 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid; ABTS •+ ), to react with the hydrogen assigned by antioxidants, and transformed into a compound of lower intensity of absorbance at a specified wavelength. [36] Results were expressed as milligrams of Trolox equivalent per 100 g of honey (mg TE/100 g). The ferric reducing antioxidant capacity (FRAC) was determined spectrophotometrically. [37] Reducing capacity was expressed in milligram of ascorbic acid equivalent in 100 g of honey (mg AAE/100 g).
Sensory Analysis
The honey samples were tested for odor, taste, appearance, and color in comparison to respective references. [38] The panel of assessors was formed by seven people. Procedure was developed to evaluate the samples and developed the following scales and references: (1) scale for the assessment of the current tastes sweet, salty, sour, and bitter; (2) rating scale for odor intensity; (3) scale for the assessment of odor intensity of caramelized/burned notes; and (4) scale for the assessment of graininess and fluidity. Examples of trigeminal sensations were presented, using ferrous Al and K sulfate dodecahydrate aqueous solutions. For the pungency, it was adopted the presentation with strips of paper embedded in acetaldehyde or propionaldehyde ethanolic solutions. Examples of smoothness (Marroc snacks), adhesiveness (current style toffee), easy dissolution (gelatin) and coolness (menthol candy) were given. To quantify the intensity of sensory variables, we used a seven-point scale, where zero indicated no property.
CHEMOMETRICS CLASSIFICATION OF UNIFLORAL HONEYS
Statistical Analysis
For the evaluation of the data we performed a linear discriminant analysis (LDA) and canonical correlation analysis (CCA) using SAS ® v. 9.3 (SAS Institute, Cary, USA, 2011). LDA was applied to identify the set of "best discriminating" variables between defined groups. CCA was computed to identify the relationships between two sets of variables: polinic versus physicochemical and polinic versus sensory variables. [39] 
RESULTS
Palynological Characteristics
The pollens from Eucalyptus spp. appeared in 83.95% of the samples, and the pollen from Trifolium sp. appeared in 51.85%; they were classified as very frequent. Lotus sp. ( 
Physicochemical Characteristics
This set of honeys met the international quality specifications. [25] Table 1a shows the mean and standard deviation values for all physicochemical tests for both clover and eucalyptus honeys. Table 1b shows the mean and standard deviation values for all phenolic and flavonoid compounds as well as the antioxidant capacity for both unifloral honeys. The values were consistent with those reported by other authors. [40] [41] [42] 
Phenolic Compounds, Flavonoid, and Radical Scavenging Activity
Sensory Characteristics
The mean values for sensory variables describing physical as well as odor and taste status are depicted in Table 2 . No honey sample featured salty, bitter, or sour taste. The UNI 59.00.642 [43] states that eucalyptus honeys have scents and aromas of medium intensity, with mildly sweet taste without bitterness. It was found slight acidic and salty notes for eucalyptus Spanish honeys with secondary pollen presence of broom and heather. [44] Clover honeys (Trifolium alexandrinum L. and Trifolium incarnatum L.) have been described as weak odor with no particular characteristics, at best a vegetal note. A note of caramel milk was perceived for honeys of white clover (Trifolium repens L.). [45] No trigeminal sensations such as coolness and pungency were identified. They were soft texture, not sticky and easy solution. Both types of honey unifloral spontaneously crystallized in a short time after harvest.
Correlations Between Sensory Parameters
The graininess and size of crystals were highly correlated (r 2 = 0.87) indicating that the visual appreciation of the size of crystals matches the oral perception of texture. Sweetness intensity and persistence are also associated (r 2 = 0.54); the sweetness may be a component of the overall 114 CIAPPINI, VITELLESCHI, AND CALVIÑO sensations in the mouth. The intensity of color and odor were also significantly correlated (r 2 = 0.56); this could indicate that substances contribute to the color and the odor both. Other authors informed correlations between odor intensity, persistence, bitterness, and color when multifloral honeys were analyzed. [46] 
Palinological characteristics
Applying LDA to all variables that identified the pollen composition, it was found that there was significant difference between the average vectors of both eucalyptus and clover honeys (Λ = 0.751, p-associated = 0.0001). Besides, the LDA correctly assigned both sets of honeys to each botanical origin. The standardized coefficients of the linear discriminant function are shown in Table 3a . The melisopalynological variables which scored the greatest differences between eucalyptus and clover honeys were Lotus and Eucalyptus, followed by Melilotus and Medicago sativa. The centroid for eucalyptus honeys was equal to 3.83 and equal to -2.02 for clover honeys. It correctly assigned 100% of the total samples to each group of honeys. According to the LDA, eucalyptus honeys were characterized by a high percentage of pollen from Eucalyptus sp. and low content of pollen from Lotus sp., Melilotus, and Medicago sativa. While clover honeys were characterized by high percentages of pollen from Lotus sp., Melilotus, and Medicago sativa and low percentage of pollen from Eucalyptus sp.
Physicochemical characteristics and antioxidant parameters
Before the application of LDA, it was performed a step-wise selection of physicochemical and antioxidant capacity variables. At each step a one-way ANalysis Of VAriance (ANOVA) was performed, and the variable with the highest F-to-enter value was selected. Thus, the LDA technique was performed from the physicochemical and antioxidant variables selected by stepwise discriminant analysis. It was obtained a linear discriminant function which coefficients are showed in Table 3b . This classification function can be used to predict the probability for the inclusion of a new sample whose group membership is unknown, in one of the two botanical origins studied. The centroid for eucalyptus honeys was equal to 1.23 and for clover honeys equal to -0.66. The correct classification for eucalyptus honey samples was up to 96.4% and for clover honeys group was up to 100%. The estimation of cases correctly classified was 87.6%.
According to the linear discriminant function, eucalyptus honeys have more glucose, and electrical conductivity than clover honeys. The European Union directives for honey [3] include eucalyptus honeys among those which, by exception, may have values higher than the limits for the electrical conductivity of floral honeys (<0.800 mS/cm). In Italy, the U59.00.642 UNI [43] states that the electrical conductivity of eucalyptus honeys should be between 0.400 and 0.700 mS/ cm. This agrees with Argentinean, [47] Algerian, [48] and Spanish eucalyptus honey. [49] Sensory Characteristics There were significant differences between the average vectors for both floral origins. The standardized coefficients of the linear discriminant function are shown in Table 3c . The centroid was equal to 1.33 for eucalyptus honey samples and was equal to -0.59 for clover honey samples. The error estimate of misclassification was 28% for eucalyptus honeys and 16% for clover honeys. Crystal size and fluency were larger for the clover honey, in accordance with Persano Oddo and Piro. [45] However, the characteristics of crystallization and fluidity of honey depend on the time for harvesting, moisture, storage temperature, extraction conditions, and packaging, among others. These variables should be controlled prior to the consideration of crystal size or fluency as parameters of characterization for these unifloral honeys. [4] Eucalyptus honeys were characterized by more intense odor and color than clover honeys. Some authors consider that odor intensity is not a descriptor of the types of honey. They reported that the variables that best discriminated floral and honeydew honeys were the sweetness, the bitterness, color, and granularity, while the acidity, the adhesiveness and viscosity showed similar values for all honeys tested. [46] 
Canonical Correlations Analysis Between Polinic and Physicochemical Variables
The canonical correlations technique was performed to identify the relationship between polinic and physicochemical variables. The group included pollen variables: Eucalyptus, Trifolium, Melilotus, Lotus, Carduus, Brassicaceae, Medicago sativa, and Helianthus annuus. The physicochemical variables analyzed were moisture, color, ash, acidity, diastase index, reducing sugars, apparent sucrose, fructose, glucose, maltose, sucrose, HMF, specific rotation, electrical conductivity, phenols compounds, flavonoids, FRAC, DPPH, TEAC, and OH. The first canonical correlation value was 0.79 and the second value was 0.65 both statistically significant (p < 0.0001). Standardized coefficients of the two first pair of canonical variables were shown in Table 4 . The outputs for the no significant canonical correlation were not reported.
The first pair of canonical variables pointed out that honeys with less percentage of pollen from Trifolium and Medicago sativa had a higher content of maltose and higher electrical conductivity. Figure 1 shows the sample configuration and clearly revealed separate subgroups according to the floral origin of honeys. The second pair of canonical variables suggested that honeys with a minor percentage of pollen from Lotus had a higher content of fructose and higher color intensity. The general shape of the distribution of all sample scores on a scatter diagram whose axes are the second pair of canonical variables is shown in Fig. 2 . Several authors found that color, electrical conductivity, specific rotation, diastase, acidity, fructose, and glucose were the parameters that best differentiate honeys from different floral origins, [50] [51] [52] pH, and moisture. [9] However, other authors concluded that the chemometric evaluation of the physicochemical properties of honey, did not allow distinguish unifloral from multifloral honeys. [53] CHEMOMETRICS CLASSIFICATION OF UNIFLORAL HONEYS 
CCA Between Polinic and Sensory Variables
A CCA was applied to determine if there was a relationship between polinic and sensory variables. The polinic variables were Eucalyptus, Trifolium, Melilotus, Lotus, Carduus, Brassicaceae, Medicago sativa, and Helianthus annuus. The sensory variables analyzed were crystal size, sweetness, persistence, graininess, and odor and color intensities. The value of the first canonical correlation was 0.71. It was statistically significant at an alpha level of 0.05 (p < 0.0001), the remaining canonical correlations were not statistically significant. Significative standardized coefficients of the first pair of canonical variables were shown in Table 5 . Only the results for the statistically significant canonical correlations were reported.
According to the first pair of canonical variables, the honeys with a lower percentage of pollen from Lotus had more intense color. In this sense, Italian honeys from Lotus (Lotus corniculatus L.) were described as very clear, with delicate odor and flavor without particular notes, [45] while Spanish Lotus honeys were described as very clear, with faint floral odor and farinaceous notes. [44] Figure 3 shows the sample configuration and clearly revealed separate subgroups according to the botanical origin of honeys.
In brief and considering the multivariate analysis from palynological, sensory, and physicochemical parameters analyzed for this set of clover and eucalyptus honeys, the most physicochemical discriminate variable was the electrical conductivity. It was associated with a higher content of pollen from Eucalyptus and a lower content of pollen from Trifolium and Medicago sativa. Among sugars, maltose was associated with a lower presence of pollen from Trifolium and Medicago sativa; fructose was associated to low content of pollen from Lotus, and glucose was associated to the presence of pollen from Eucalyptus. Color and odor intensities were related to the presence of pollen from Eucalyptus, and the absence of pollen from Lotus. Antioxidant capacity indicators could not be associated with particular pollen content, although honeys with highest percentage of pollen from Eucalyptus showed the highest TEAC and FRAC capacity. The experimental data for the variables selected by discriminant analysis have been contrasted with those available in the literature for unifloral honey. In general our data for electrical conductivity and sugars agree well with previous results [22] and Karabourniti et al. [54] It agrees with Marini et al. [55] for eucalyptus honey. 
